Abstract: Microwave-absorptive polymer composite materials provide protection against interference to communication systems caused by microwave-inducing devices. Microwave-absorptive polymer composites were prepared from polylactic acid (PLA) biocomposite blended with oil palm empty fruit bunch (OPEFB) fiber and commercial Iron oxide (Fe
and coefficient of transmission S filler percentages were determined using a rectangular waveguide in connection with microwave vector network analyser (HP/Agilent model PNA N5227). These coefficients were then used to calculate microwave-absorption properties (in decibels). XRD analysis showed that increasing amounts of reinforced material (Fe filler ratio increased in the composites, and adhesion to the cellulose fiber grew gradually until the highest percentage of filler was added. The complex relative permittivity and relative permeability were obtained within the broad frequency range of 8-12 GHz at room temperature for various percentages of filler and were measured by the transmission/reflection method using a vector network analyser. Fe 
Introduction
The development of sustainable polymeric materials is receiving increased attention in recent years. This is mainly due to the rising environmental awareness and new engineering strategies for expansion to obtain polymeric materials for scientific and industrial fields of applications [1] . Organic-inorganic hybrid composite polymers with an organized structure are extensively studied because of their combined essential properties. This is because the properties in the combined components are difficult to achieve from individual components [2, 3] , leading to interesting functions through amalgamation [4] . It also increased attention on the oxide-polymer mixtures. This has been recent, an active area of research due to their variety of uses in microwave absorption and electromagnetic interference shielding (EMI) [5] . The rapid development in the circuit devices and telecommunications is greeted with a worsening interference of electromagnetic interference. Due to its utilization growth in the medical, industrial and military applications, electromagnetic waves of high frequency have drawn more attention [6, 7] .
PLA has become promising among the most sustainable alternatives compared to petroleum-based others and fits a wide-range of applications, which includes; electronics, nonwoven fabrics and food packaging [8] . Owing to its adaptability and suitability in many techniques of production such as injection molding, extrusion, thermoforming and blow molding, PLA became of high interest. PLA as a thermoplastic polyester is versatile and mostly obtained from materials that are annually renewable. The materials are normally fermented into agriculturally originated lactic acid. PLA possesses high strength, modulus of elasticity, stiffness, brittleness and is a completely biodegradable matrix. Therefore, incorporation of plasticizers and impact modifiers into the composites of PLA for the improvement of the toughening and impact properties of the material becomes necessary [9] .
When mixed with natural fibers, PLA composites materials are 100 % bio-based with appropriate mechanical characteristics comparable with the commercial petroleumbased composites produced. Functional fillers incorporation in the PLA matrix develops the matrices' surface and physical properties. This can be utilized in different uses including barriers for diapers and sanitary products, plates and disposable cups [10] , electronic industry, packaging industry, automobiles, biomedical products, furniture, and infrastructures [11] .
The fillers, fibers or their combinations, as the need may arise, are used to modify polymers properties. Addition of different natural fibers to various matrices of polymers was reported in earlier studies. Natural fibers have high abundance and have the advantage of both low density and cost. Thus, they can be utilized as alternates to synthetic fibers in environmental applications [12] . The evolution of natural fiber composites have attracted research attention in the latest few years, this is because the fibers can substitute conventional reinforcement materials, in terms of weight reduction [13] . Natural fiber-reinforced polymer composites show high mechanical properties and have particular, advantages during processing [13] . Bamboo [14] , Poly(lactic acid) (PLA) reinforced with kenaf [15] , ramie [16] , banana [17] , oil palm [18] , and other natural fibers have been studied. However, the use of these natural fibers has several drawbacks, such as incompatibility with hydrophobic polymer matrices, poor resistance to moisture, low degradation temperatures, and a higher tendency towards agglomeration during processing [19] . Also, hand Interfacial adhesion between matrix and fiber is usually an obstacle due to their different polarities which results to decrease in composite properties. However, this can be improved by using chemical modification of the fiber, either through surface treatment of fiber with alkali and silane to increase their compatibility with the PLA matrix [20] , free radical reaction [21] or chemical solution [22] , use of modified thermoplastic containing a compound capable of interacting with the fiber [23] , or addition of a third component (a compatibiliser) with the ability to interact simultaneously at the interface with the thermoplastic and the fiber [24, 25] . Thus Iron, zinc, and aluminum oxides filler-introduction into polymer composites for performance enhancement had been reported recently [26] .
Recently, incorporated and formulated metal oxide fillers with biopolymers prepared for improvement of their properties, such as crystallinity, permeability, permittivity, thermal stability and stiffness [27] . Both engineers and scientists have shifted their interest to the study of magnetic polymer composites. They have identified possibilities for the explorations in commercial applications of the materials in different areas, which include electrodes and sensors, microwave absorption and electromagnetic interference (EMI) shielding [28] . On the other hand, Ferrite-fiber-polymer composites possess different advantages, which include complex shapes easy fabrication, required mechanical strength resilience, stability, cost-effectiveness, and technological applications in various fields requiring numerous electrical and magnetic properties observations based on the composition [5] .
The scope of this study includes the utilization of Iron oxide as a filler with various loadings and incorporations into an OPEFB blended with polylactic acid PLA matrix for the enhancement of thermal, magnetic, dielectric properties and particle adhesion of the obtained composites. The chemical and physical properties of the composites were observed through X-ray diffraction (XRD) and surface morphology of the composites by SEM. For the determination of the effective permeability and permittivity of the composites and materials, Agilent Technologies 85071E materials measurement software was used.
Experimental

Materials
The materials used in this work include OPEFB fiber obtained from, Dengkil, Selangor, Malaysia, polylactic acid pellets with a density of 1.24 g/cm 3 (Grade 4060D) from Nature Work LLC (Minnetonka, MN, USA), and Fe 2 O 3 (of purity 99.7 %) from (Sigma Aldrich). Table 1 .
Preparation of Fe
The substrates of dielectric properties test (which utilized open-ended coaxial probe) were synthesized by placing 20 g of the mixture into a mold with a dimension of 35×60×8 mm. The 8 mm measurement (samples' thickness) was to allow for the wave signal to pass through and reflect within the substrate. The substrates of the scattering parameters (reflection and transmission coefficients S 11 and S 21 , respectively) and complex permeability measurements were made using suitable sample holder. This is done to reduce the air gap between the surfaces of the sample and the waveguides walls [29] . The preheating of the composite was carried out for 10 minutes at 80 o C lower and upper plate temperature. Two minutes breathing time was allowed for void reduction and bubbles release. At the same temperature, the mixtures were pressed for 10 more minutes at 100 k/bar pressure. The substrates were lastly allowed to back at room temperature, then sample extraction was performed. The samples were then ready for characterizations and measurements. Figure 1 shows the fabrication procedure for the substrates.
Characterization
All PLA composites were characterized and examined using the XRD to determine the structural changes, microstructure, and purity of the composite substrate with a Rigaku (Japan) X-ray diffractometer (operating at 40 mA and 40 kV) with CuKα radiation at a wavelength of 1.5460 Å. The collection of data intensity was taken over a range of 2θ value from 4 o to 80 o and at 0.05 o /s scan rate. The surface morphology of PLA composites was observed and analyzed at room temperature using the SEM (model JEOL JSM-7600F, Japan). The specimens were coated with a thin film of gold to avoid any charging effect. Electromagnetic properties measurements were made with the vector network analyzer PNA-L-based rectangular waveguide technique. Figure 2 . The discussion of the composites' crystallinity was based on the peak areas obtained by integration. The XRD data showing the intensities of the various peaks from the crystalline components of pure Fe 2 O 3 are listed in Table  2 . The pattern of Fe 2 O 3 showed a single phase crystalline. The obtained X-ray diffraction pattern of Fe 2 O 3 is in good agreement with the standard reference data [16] . Moreover, the XRD profile of Fe 2 O 3 is closely matched with the values from reference XRD patterns (JCPDS 00-033-0664), which indicated a pure rhombohedral ferrite phase is formed. Further observation showed numerous small peaks obtained throughout the 2θ value range in the XRD patterns for the Fe 2 O 3 /OPEFB/PLA composites with different compositions. In this combination, the Fe 2 O 3 is classified as the filler while the PLA and OPEFB are classified as the host's materials.
Results and Discussion
The OPEFB, PLA, and Fe 2 O 3 , samples' purity was confirmed by the absence of undesirable peaks in the XRD pattern. All the Bragg peaks shown in the patterns were completely for the materials used in the preparation of the o for the all-composites changed with dwindling of the OPEFB and PLA peaks. In summary, XRD revealed the Fe 2 O 3 has significant effects on the PLA material's semi-crystalline structure. This extends also to the relative crystalline nature of the reinforced composites of PLA-based, which reduced with the increased amount of reinforced materials.
Surface Morphology Analysis (SEM)
SEM analysis was performed to evaluate the dispersion of Fe 2 O 3 as a filler material throughout the OPEFB/PLA matrix for different percentages of Fe 2 O 3 . Figure 3 shows the addition of Fe 2 O 3 into the OPEFB/PLA matrix led to a homogeneous distribution. Thus, there are no agglomerates observed in Fe 2 O 3 /OPEFB/PLA composites. The result shows that the inorganic Fe 2 O 3 presence enhances surface adhesion between the matrix and the filler. The images confirmed that with an increase in the filler ratio in the composites, the adhesion to cellulose fiber increased gradually. Furthermore, the fibers' surface appeared to have a smooth layer covering by the matrix and filler. However, around the fiber particles inside the composites, voids were still noticed. Moreover, the addition of 22.22 % and 26.66 % Fe 2 O 3 decreased the voids and the fiber pullout around the composite particles by fiber-matrix adhesion increase. The energy dissipation would have been increased by pulling fiber and voids of the composites during their fracture.
Electromagnetic Properties
Material's Electromagnetic properties, namely magnetic permeability (μ) and electrical permittivity (ε) provide information on the response of the material to electromagnetic (EM) waves. Complex relative permeability (μ=μ'−jμ'') and complex relative permittivity (ε=ε'−jε'') respectively define how the material interacts with the magnetic and electrical fields of an EM wave. There are two parts of the interactions: energy storage and dissipation. The energy storage part comes from the lossless part of the energy exchange between the material (real part) and the field, whereas the EM energy conversion to heat (imaginary part) after absorption by the material account for the energy dissipation [30] .
Effect of Frequency and Loading on Dielectric Properties
Figures 4(a) and 4(b) show the variation of the real (ε') and imaginary (ε'') parts of permittivity with 8-12 GHz frequency at room temperature (27 o C) for all composites. The real and imaginary components of the complex permittivity are customarily stated as the dielectric constant and loss factor, respectively. PLA polymer has low permittivity owing to the small extent of polarization of the macromolecules. Addition of fillers to the polymer can significantly enhance the reduced permittivity of the matrix [31] since the polarizations of filler and filler/polymer interfaces (interfacial polarization) can contribute considerably to the total polarization of the composite. The experiment studied the effects of frequency and loading on dielectric properties of Fe 2 O 3 /OPEFB/PLA composites and showed the relationship between dielectric constant, loss factor, and frequency for all composites. When the frequency was increased from 8-12 GHz, the dielectric constant was decreased for all of the samples.
The result depicted that the electric field of microwave affected the interaction of Fe 2 O 3 /OPEFB/PLA composites with electromagnetic waves. When the microwave frequency was increased, a continuously varying electric field was created. This varying electric field created polarization in the polymer composites. Dipole moment in composites gradually decreased as frequency increased. Moreover, the dipole had a shorter time to realign itself according to the oscillating electric field [32] . Figures 4(a) and 4(b) show that the values of (ε') and (ε'') increased markedly with increased Iron oxide content in composites, but having lower values compared to the pure (Fe 2 O 3 ) , indicating the normal behavior of ferrites. On the other hand, current flux through the boundary of two materials, causes aggregation of charges at the boundary owing to the difference in the materials' relaxation times, thereby increasing its permittivity [33] .
Both the real and imaginary components of the permittivity increased with increasing Fe 2 O 3 concentration. The real part increased progressively from 3.032 to 3.538 as the Fe 2 O 3 loading is increased from 8.88 to 26.66 wt% and the imaginary part increased from 0.361 to 0.438 for the same increments in the filler loading. Table 3 indicates that all ε' and ε'' values regularly increase with the filler ratio of the composite increment at a fixed frequency value (10 GHz).
A significant mechanism for dielectric loss in materials' absorption of electromagnetic wave arises from the dielectric relaxation process. The dielectric relaxation is the result of the motion of dipoles (dielectric relaxation) and electric charges (ionic relaxation) caused by an applied alternating electric field. Typically, the relaxation process can be described by Cole-Cole semicircles [34] . According to Debye dipolar relaxation, permittivity in complex form can be written as: (1) where ε s and are the low frequency of ε' (stationary dielectric constant) and the high frequency of ε' (optical dielectric constant) respectively, ω is the applied angular frequency, and w=2πf, where τ o is single relaxation time.
Then we have the real part ε' and the imaginary part ε'' of complex relative permittivity as follows: A simple evaluation of the Debye equations (2) and (3) demonstrates that the relation between ε' and ε" of the relative complex permittivity is the equation of a circle. By eliminating ωτ, these two equations (2), (3) can be combined and written in the form of a circle [35] (4) Thus, a plot of ε' versus ε'' would be a single semicircle, ordinarily represented as the Cole-Cole semicircle. Each semicircle denotes one Debye relaxation process. Figure 5 represents the results of the different percentages of Fe 2 O 3 filler in the composite, displaying the ε'−ε'' curve of the Cole-Cole between 8-12 GHz frequency range. No noticeable semicircles are observed in the curve. Therefore, both Debye dipolar relaxation and natural resonance cannot determine the particular dielectric characteristics of Fe 2 O 3 .
Effect of Frequency and Loading on Magnetic Properties
The probable mechanism for microwave absorption was studied using the real and imaginary parts of the relative complex permeability. Figure 6(a, b) , respectively, show the variation in the real μ' and imaginary μ" parts of the relative complex permeability measured using the waveguide technique in conjunction with an Agilent PNA Network Analyser (HP/Agilent model PNA E8364B) at 8-12 GHz Xband frequency range. The values of μ' and μ" of pure Fe 2 O 3 are higher than the composites with different percentage of filler. The essence of incorporating the Fe 2 O 3 into the matrix of the OPEFB/PLA composites is to raise μ' above unity and μ" to slightly increase above zero over the frequency value range. [36] . All the result values of the μ' and μ'' are tabulated in Table 4 , where μ' and μ'' regularly increased as the filler ratio of the composite increased at a fixed frequency value (10 GHz).
Power Loss and Absorption of Fe 2 O 3 /OPEFB/PLA composites The value of power loss for unloaded waveguide is shown in Figure 7 , the power loss obtained from the relationship is as follows:
The magnitude of the power loss at 10 GHz is 0.00123. Thus, the material absorption is not affected by power loss of air because the power loss of air is almost constant. The power loss and absorption loss of Fe 2 O 3 /OPEFB/PLA composites are calculated and presented in Figures 8 and 9 , respectively. The power loss and absorption loss of samples were calculated according to the following equations:
Absorption = P loss sample − P loss air
Figures 8 and 9 showed that both the power and absorption loss increased with increasing the frequency and the percentage of Fe 2 O 3 , which is consistent with the results of [37] . The values of power loss and absorption loss at selected frequencies of 10, 11, and 12 GHz are shown in Table 4 . A careful observation showed that there is no distinct difference in the absorption loss at lower frequency range. This might be due to the interfacial polarization, which generally exists at the lower frequency range for heterogeneous systems.
As the loss factors of Fe 2 O 3 /OPEFB/PLA composites are very close to each other, when the frequency increased, the wavelength decreases, giving less variation in absorption between Fe 2 O 3 and OPEFB. Careful observation showed no distinct difference in the absorption loss at lower frequency range. Such might be due to impedance mismatch at the interface between the coaxial connector, the flange, and the input phase of the rectangular waveguide [5] . However, as the frequency increases, a distinction is observed for all the samples especially at the frequency range of 10-12 GHz. The absorption loss for the 26.66 % Fe 2 O 3 sample was higher compared to other different Fe 2 O 3 percentages of composites. As well, the increment of filler particles with polymer also ends with additional interfaces and more polarization charges on the surface contribute to an enhancement of microwave absorption [38] . The results can be deduced from the discussion, where material transmission, reflection, and absorption properties can be controlled by choosing the correct composition of Fe 2 O 3 composites.
Conclusion
Fe 2 O 3 /OPEFB/PLA composites with 8.88-26.66 wt% of Fe 2 O 3 were successfully prepared based on the blending technique using a Brabender thermoplastic machine. The effectiveness of the composites with various ratios of Fe 2 O 3 at frequency range 8-12 GHz was studied. The structural characterizations of the synthesized materials were carried out using XRD and surface morphology was studied using SEM. The XRD results indicated that Fe 2 O 3 had a considerable influence on the semi-crystalline structure of PLA. Also the relative crystallinity of the reinforced PLAbased composites decreased with increased amounts of reinforced materials. The SEM result indicates that the filler ratio increased in the composites and the adhesion to the cellulose fiber increased gradually at the higher compositions of Fe 2 O 3 . The results of the electromagnetic properties indicate the relative complex permittivity (ε) and permeability (μ) increased when both real and imaginary parts of the permittivity and permeability increase with increased Fe 2 O 3 concentration. The Cole-Cole semicircle results show that no conspicuous semicircles in the curve. Therefore, both natural resonance and Debye dipolar relaxation cannot account for the particular dielectric characteristics of Fe 2 O 3 . The power loss and absorption loss increase with both increased frequency and the percentage of Fe 2 O 3 filler in the composite. The findings also showed that the material transmission, reflection, and absorption properties, can be controlled by changing the percentage of Fe 2 O 3 filler in the composites. 
